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Effects of hIgh concentrations of glucose on PT!! secretion in parathy-
roid cells. We examined the effects of high concentrations of glucose on
PTH secretion from cultured bovine parathyroid cells. Increasing
medium concentration of glucose caused suppression of PTH secretion.
A significant suppression of PTH secretion was found within 48 hours of
incubation with as little as 15 m glucose. The addition of choline
chloride to the medium did not suppress PTH secretion, although the
osmolality was the same as that of the medium containing 50 mM
glucose. When cells previously exposed to 50 m glucose were
reincubated in the medium containing 5 mss glucose for another 48
hours, a complete recovery of PTH secretion was observed. In the cells
exposed to 50 m glucose, the magnitude of the response of PTH
secretion to 106 54 isoproterenol was blunted. Acid-urea gel electro-
phoresis revealed that the pattern of intact PTH and fragments secreted
from cells exposed to high concentration of glucose was similar to that
from control cells. Removal of insulin from the medium resulted in a
suppression of PTH secretion similar to changes observed with high
concentrations of glucose. The suppressive effects of high concentra-
tions of glucose and lack of insulin were additive. However, we cannot
exclude from the present studies whether the suppressive effects of the
lack of insulin on PTH secretion was secondary to the fact that insulin
may be required for the maintenance of parathyroid cells. The present
studies demonstrate that glucose directly modulates PTH secretion in
primary parathyroid cell culture.
Several previous reports have described decreased parathy-
roid hormone (PTH) levels and reduced skeletal manifestations
of secondary hyperparathyroidism in diabetic patients on he-
modialysis [1—5]. The serum calcium levels were reduced or
normal in these cases. The exact mechanisms remain unclear.
On the other hand, controversy exists about the secretory
activity of parathyroid glands in diabetes mellitus without renal
failure. Levels of iP'FH in human diabetes mellitus have been
reported to be low [6—9], in the low-normal [10] or normal
ranges [11]. There are no obvious explanations for these dis-
crepancies. Although our previous studies revealed that the
streptozotocin-induced diabetic rat showed lower levels of
IPTH [12, 13], there have been other reports of higher levels of
iPTH in diabetic rats [14—16].
Diabetes mellitus involves multiple pathological manifesta-
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tions. The most familiar laboratory finding is hyperglycemia in
the presence or absence of hypoinsulinemia. Therefore, we
sought to clarify whether high concentrations of glucose and/or
lack of insulin modulate PTH secretion. The purpose of the
present investigation was to examine the direct effect of high
concentrations of glucose and/or lack of insulin of PTH secre-
tion using cultured bovine parathyroid cells.
Methods
Preparation of primary cell culture
Primary monolayer cell cultures of bovine parathyroid cells
were prepared according to the method of MacGregor et al [17],
with minor modifications [18, 19] Briefly, bovine parathyroid
glands were trimmed of extraneous tissue, sliced to 0.5 mm
thickness with a Stadie-Riggs niicrotome and finely minced.
Digestion media was made by adding 2.5 mg/mI collagenase and
10 pg/mi DNAase II to base media (116 m NaC1, 5 mst KC1,
1 mM NaH2PO4H2O, 20 mM Hepes, 0.5 mat CaC12, 1.0 mM
MgC12, 200 mg% glucose, 5.5 mst succinic acid disodium salt, 5
mM L-glutamic acid, 5 mat lactic acid, pH 7.4). The minced
tissue was digested for one hour and then filtered through fine
gauze. Cells were resuspended in culture medium of 1:1
DMEM/Ham's F-12 containing 4% heat-inactivated newborn
calf serum, 15 mat Hepes, 100 pg/rn! streptomycin, 100 U/mI
penicillin, 5 pg/ml insulin, 2 mrst L-glutamine and 1% nonessen-
tial amino acid. The levels of calcium and glucose were 1 mM
and 13 m, respectively. After washing, cells were plated into
6-well tissue culture plates (9.6 cm2/well, Falcon, New Jersey,
USA). Unless stated otherwise, cells were incubated in regular
culture medium for two days and then the medium was replaced
by that containing the indicated concentration of glucose and
insulin. All groups had PTH secretion measured at the same
time on the final day in culture, generally day 6.
PTH secretion studies
The test media, containing various concentrations of glucose
and insulin, were prepared by adding the indicated amounts of
D-glucose and insulin to the glucose and insulin-free medium.
Cells were maintained in the test media for the indicated periods
and then washed two times to remove the previously secreted
PTH. After incubation, media were collected, centrifuged, and
then stored at —20°C until analyzed for PTH. PTH was assayed
using antibody CH9 which recognizes intact, mid region and
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carboxyterminal fragments of PTH. Details of the recognition
characteristics of the antisera and the radioimmunoassay (RIA)
methodology have been described previously [201. For the
analysis of cAMP content, cells underwent overnight extraction
with 0.1 N HC1. Following centrifugation, the supernatant was
stored at —20°C until time of analysis. The cAMP content of the
cell extracts was measured by RIA [21] using acetylated [22]
standards and samples. Cellular protein content was measured
by the method of Lowry et al, using bovine serum albumin as
standard [231.
Acid-urea polyacrylamide gel electrophoresis
Acid-urea polyacrylamide gel electrophoresis to separate
intact PTH and fragments has been described previously [241.
Briefly, the protein in the medium was precipitated with 25%
trichioroacetic acid at 4°C. It was gathered by centrifugation
and washed with 25% trichloroacetic acid and then with ether to
remove the trichioroacetic acid. This was followed by dissolu-
tion in 100 l of 6 M urea-0.5 N acetic acid. The proteins were
separated on 10% polyacrylamide gels utilizing the pH 4.5
buffer system of Reisfeld, Lewis and Williams [25] containing 6
M urea and fourfold molar excess of N,N'-diallyltartardiamide
in place of NN'-methylene-bis-acrylamide. The gels were fro-
zen and sectioned into 1 mm segments with a electrophoresis
gel slicer (Bio-Rad Laboratories, Richmond, California, USA).
Each slice was eluted in radioimmunoassay diluent overnight at
4°C. The samples were assayed for PTH in the RIA described
above.
Measurement of cytosolic calcium
Dispersed cells were exposed to 3 M indo- 1 acetoxymethy-
lester (indo-1AM) for 30 minutes. Indo-1 AM entered the cells,
where cytoplasmic esterases converted it to free indo-!, the
calcium sensitive form. The cells were then washed for 10
minutes in a balanced salt solution (BSS) 127 mts NaCI, 3.8 mM
KC1, 1.3 mai KH2PO4, 0.5 mrt CaC12, 0.8 mM MgCl2, 5 mM
glucose, 10 mai HEPES, adjusted to pH 7.4 with 1 M NaOH)
and transferred to 1 cm plastic cuvette for fluorescence mea-
surement. Fluorescence was measured, using an SLM 4800
spectrofluorometer (SLM Instruments, Urbana, Illinois, USA)
coupled to a computer. The cells were stirred continuously and
the cuvette holder thermostated to 37°C. The excition wave-
length was 355 mm (slit width 8 nm) and emission was simul-
taneously monitored at 400 nm (slit width 8 nm) using an SLM
monochromator and at 490 nm using an interference filter
(Corion Corp. Holliston, Massachusetts, USA). After subtrac-
tion of autofluorescence, the ratio of the emission at 400 nm to
that at 490 nm was calculated and the corresponding value of
[Ca]1 determined from the relationship [Ca]1 = Kd [(R-R min)/(R
max-R)] f3 [26], where R is the measured ratio and R mm and R
max are the values of R at very low and saturating concentra-
tions of calcium, respectively. f3 is the ratio of emission
intensities at 490 nM in these two sets of conditions. Two
cuvettes were alternately scanned for about four minutes in
order to establish a baseline value of [Ca]1. Ethanol vehicle (2
p1) was added to one cuvette (control) and indicated concen-
tration of vitamin D in 2 .d ethanol was added to the other
curvette. The final concentration of ethanol was 0.1. The
cuvettes were alternately scanned for an additional 10 minutes.
Calcium saturation of indo-! was achieved by elevating extra-
Table 1. Effect of high concentration of glucose and/or lack of
insulin on protein content of parathyroid cells
Treatment
N
Protein
jsg/well
Glucose
(mM) Insulin
5
50
5
50
+
+
—
—
6
6
6
6
74.7±2.4
72.4±2.565618b
63.7 2.o
Cells were incubated with 5 m or 50 m glucose in the presence or
absence of 5 pg/mI insulin for 96 hours. The data and significance within
the data are representative of at least three cells preparations.
P < 0.01, P < 0.05, compared to 5 mss glucose, + insulin group.
cellular calcium levels to more than 2 m, and then adding 5 j.M
ionomycin and effectively zero calcium by the further addition
of 12.5 mi't EGTA plus tris base to elevate the pH to greater
than 8.0. Cells were permeabilized with 40 mg/liter saponin
before the addition of EGTA to decrease the time necessary for
[Ca]1 to reach a minimum value. Kd, the dissociation constant
of indo-1 + Ca2, has been shown to be 250 flM [26]. The
leakage of indo-1 from cells was checked by centrifuging indo-1
loaded cell suspension and measuring the intensity of fluores-
cence of the supernatant. Indo-1-AM was dissolved in DMSO,
ionomycin in acetone.
Materials
lonomycin was obtained from Calbiochem (La Jolla, Califor-
nia, USA) indo- 1 acetoxymethylester from Molecular Probes
(Eugene, Oregon, USA). Insulin from bovine pancreas (specific
activity 24.5 lU/mg), D(+)-glucose, isoproterenol (+)-bitartrate
salt, DNAase II were obtained from Sigma Chemical Co. (St.
Louis, Missouri, USA) and collagenase type I from Cooper
Biomedical (Freehold, New Jersey, USA).
Statistical analysis
The data are presented as the mean SEM. Data of Figures
and Tables and significance within each set of data are repre-
sentative of at least three separate cell preparations. Signifi-
cance of differences between comparable groups was deter-
mined by Student's t-test or Duncan's multiple range test.
Results
Incubation of bovine parathyroid cells with media containing
50 m glucose for 96 hours did not affect the protein content
compared to control cells exposed to 5 m glucose and 5 tg/m1
insulin (Table 1). On the other hand, incubation of cells with
insulin-free medium for 96 hours significantly decreased the
protein content by 12 to 15% (Table 1). Therefore, data for PTH
secretion were corrected by the protein content.
Figure 1 shows the dose-dependent effects of glucose or
insulin on PTH secretion. Treatment of cells with increasing
concentrations of glucose in the media for 96 hours caused a
dose-dependent suppression of PTH secretion. A significant
suppression occurred with as little as 15 m glucose equivalent
to 270 mg% glucose. The addition of choline chloride (25 mM) to
5 mM glucose-containing medium did not suppress PTH secre-
tion, although the osmolality was the same as that of the media
containing 50 mrs glucose (about 365 mOsm). The addition of
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A B
1000
Fig. 1. Dose-response effect of glucose or
insulin on PTH secretion. Cells were
incubated with the indicated concentrations of
glucose (A) or insulin (B) for 96 hours.
Choline chloride was also present for 96 hours
in one group. After the cells were washed,
iPTH secretion was measured over a 4-hour
period. The insulin concentration of the A
panel and the glucose concentration of the B
panel were 5 sg/ml and 5 m, respectively.
— Data are the mean SEM of six samples; *p
<0.05, < 0.01, compared to control. The
data and significance wihin these data are
representative of at least three separate cell
preparations.
Fig. 2. Time course effect of a high
concentration of glucose or lack of insulin on
PTH secretion. Cells were incubated with 50
m glucose (A) or lack of insulin (B) for the
indicated period. After the cells were washed,
iPTH secretion was measured over a 4-hour
period. The insulin concentration of the left
panel and the glucose concentration of the
right panel were 5 sg!ml and 5 mM,
96 respectively. Data are the mean SCM of six
samples * < 0.05, < 0.01 compared to
control.
Table 2. Recovery of PTH secretion after incubation with high
concentration of glucose or lack of insulin
GroupN = 6
Treatment
PTH
ng/mg
protein!
4 hr
4
Glucose
mM
Days
Insulin
2
Glucose
m
Days
Insulin
1 5 + 5 + 638±18
2 50 + 50 + 468±22a
3 5 — 5 492±22a
4 50 + 5 + 624±28
5 5 — 5 + 648±20
Cells of groups 1 to 3 were incubated in control or experimental
media for the full 6 days of the experiment (control media consisted of
5 mM glucose with 5 g!ml insulin for group 1; experimental media
consisted of 50 m glucose with 5 sg!ml insulin for group 2, and 5 mM
glucose with no insulin for group 3). Cells of groups 4 and 5 were
incubated with experimental media for the first 4 days and then exposed
to control media for the remaining 2 days of the experiment (experi-
mental media consisted of 50 mas glucose with 5 g/ml insulin for group
4; 5 m glucose with no insulin for group 5). The data and significance
within the data are representative of at least three cell preparations.
a P < 0.01 compared to group 1.
..
.z. *
800
600
400
200
.1*
* **I ** **. * *
nil
5 10 15
Glucose,
25 50 5+ 5 5x10 5x103 0
Choline 5x102 5x104
chloridem Insulin, /29/mi
* *
A B
1000
800
L
600' .1. * *
- *
0) .L
400
a.
200
0 24 48 96
Time, hours
glucose increased the cytosolic calcium by 53 5 flM while
choline chloride increase the cytosolic calcium by 62 4 flM.
The removal of insulin from the media caused a significant
suppression of PTH secretion. The effect of insulin on PTH
secretion was dose-dependent with a minimal effective concen-
tration of 50 nglml, (P < 0.05, compared to insulin-free group,
(Fig. 1). Time course studies revealed that a significant suppres-
sion of PTH secretion was found within 48 hours of incubation
with either 50 ifiM glucose or lack of insulin (Fig. 2), although
there was a tendency for decreased secretion by 24 hours.
We next examined whether or not such inhibitory effects
were due to an irreversible toxic effect. When cells previously
exposed to 50 m glucose or lack of insulin for 96 hours were
reincubated in the media containing 5 m glucose and 5 g/ml
insulin for another 48 hours, a complete recovery of PTH
secretory capacity was found (Table 2).
The bovine parathyroid cell in monolayer culture appears to
be a model for the abnormal PTH secretion of renal failure [27].
This is indicated by a reduced or even blunted response of PTH
secretion to acute changes in extracellular calcium. In Table 3,
0 24 48
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Table 3. Effect of extracellular calcium, high concentration of
glucose and/or lack of insulin on PTH secretion
Treatment
Glucose Insulin
PTH ng/mg protein/4 hr
0.5 mai 1.0 ms 2.0mM
mM 5 pg/ml N Ca Ca Ca
5 + 6 669 27 658 26 599 18
50 + 6 545 2l 531 17b 495 26C
5 — 6 555 l6 526 121Y 463 26C
50 — 6 487 l3 454 l3L 428 I1C
Cells were incubated in 5 m or 50 m glucose in the presence or
absence of 5 sg/ml insulin, all at 1 m calcium for 96 hours. The cells
were washed twice and incubated in fresh media at the indicated
calcium concentrations for 4 hours. The data and significance within the
data are representative of at least three cell preparations.
aP < 0.01 compared to 0.5 m calciumb P < 0.01 compared to 1.0 m calcium
cP < 0.01 compared to 2.0 mM calcium
it is seen that cells cultured for four days in 5 m glucose-S
g/ml insulin media have a tendency to decrease PTH secretion
with increased extracellular calcium but this 10% decrease is
not significant. At each extracellular calcium concentration,
however, high glucose with or without insulin significantly
decreased PTH secretion 18 to 29%.
To examine whether or not a high concentration of glucose
and/or lack of insulin affected not only basal but also agonist-
stimulated secretion of PTH, isoproterenol was employed.
Isoproterenol was used as a stimulant of PTH secretion since as
seen in Table 3, acute hypocalcemia no longer serves as a
stimulant of PTH secretion in the cultured cells as shown
previously [27]. Isoproterenol stimulates PTH secretion
through cAMP generation [28, 29]. Indeed, 10—6 M isoprotere-
nol increased the cAMP content of cultured bovine parathyroid
cells by more than 100-fold (Table 4). In the cells exposed to 50
m glucose and/or lack of insulin for 96 hours, neither basal nor
l06 M isoproterenol-stimulated cAMP content were reduced,
compared to control. However, the magnitude of isoproterenol-
stimulated PTH secretion was blunted. As shown in Table 4,
the suppressive effects of 50 m glucose and lack of insulin on
PTH secretion individually were about 35%, while in combina-
tion were essentially additive at about 57% total secretory
inhibition.
To characterize the pattern of intact and fragmented PTH
secretion of cells exposed to high concentrations of glucose of
lack of insulin, acid-urea polyacrylamide gel electrophoresis
was performed. As shown in Figure 3, a mixture of intact
hormone and hormone fragments was secreted in all groups.
The pattern of PTH secreted from cells exposed to high
concentrations of glucose or lack of insulin was similar to that
from control cells, suggesting an overall suppression of PTH
secretion without an effect on PTH metabolism or degradation.
Discussion
The present studies demonstrate a direct suppressive effect of
high concentrations of glucose on PTH secretion in cultured
bovine parathyroid cells. There has been one preliminary report
that insulin is required for the maintenance of PTH secretion
[17]. Insulin is considered to enhance growth and increase
viability of cultured cells [30, 31]. As expected, insulin removal
decreased the protein content of parathyroid cells. However,
even when PTH values were corrected by protein content, a
significant suppression of not only basal but also isoproterenol-
stimulated PTH secretion was observed. Removal of insulin
from the medium for four days suppressed PTH secretion
without affecting basal or isoproterenol stimulating cAMP con-
tent, or the rate of secretion of intact P1'H to PTH fragments.
Moreover, when cells were returned to insulin-containing me-
dia, a complete restoration of PTH secretion was found. This
suggested that the suppressive effect of a lack of insulin on PTH
secretion was not due to an irreversible toxic effect or gross
nonspecific derangement of cell function by the absence of
insulin. However, we cannot exclude from the present studies
whether this suppressive effect was secondary to the fact that
insulin may be required for maintenance of parathyroid cells.
Further studies are necessary to clarify this point. If insulin is
necessary for the transcription of PTH mRNA, then the de-
creased secretion of PTH may be secondary to a decrease in
PTH synthesis from the reduced amount of message. Some
diabetic patients have received insulin for years and many type
II diabetic patients have increased levels of circulating insulin.
Therefore, in vitro conditions of the present studies were not
analogous to the clinical situation. But, the present data added
additional evidence about the important role of insulin on PTH
secretion.
To our knowledge, there have been no reports about the
effect of high concentrations of glucose on PTH secretion,
although there have been many previous reports concerning the
lower levels of iPTH in diabetic patients with [1—5] or without
[6—9] renal failure. Although it has been speculated that lower
levels of iPTH in diabetic patients might be caused by diabetic
hypomagnesemia [32, 33] or gland dysfunction due to severe
microangiopathy, the exact mechanisms remain unknown. Our
studies demonstrated a direct suppressive effect of high con-
centrations of glucose on not only basal, but also isoproterenol-
stimulated PTH secretion. The basal secretion of PTH was
significantly reduced by as little as 15 maPs glucose. Moreover,
additional studies revealed that such a suppressive effect was
due neither to altered osmolality nor to an irreversible toxic
effect. Bovine parathyroid cells cultured under our conditions
are a model for the abnormal secretion of PTH from hyperplas-
tic parathyroid glands [27]. This is also shown in Table 3 which
indicates that the cells have lost the ability to suppress PTH
secretion in response to an acute increase in extracellular
calcium. High glucose with or without insulin significantly
suppressed PTH secretion regardless of the extracellular cal-
cium. This in vitro model appears to mimic the reduced level of
PTH seen in diabetic patients on hemodialysis [1—5].
Although the mechanisms by which high concentration of
glucose and insulin modulate PTH secretion cannot be de-
scribed from the results of this investigation, our studies
revealed that the suppressive effects of high concentration of
glucose and lack of insulin on PTH secretion were additive.
This suggests that high concentrations of glucose and absence
of insulin modulate PTH secretion by different mechanisms.
Alternatively, each could cause incomplete suppression of the
same secretory mechanism. Judging from our time course
studies, it might be possible that high concentration of glucose
or lack of insulin suppresses PTH synthesis. Further studies are
necessary to clarify these mechanisms.
The present studies revealed that the increased addition of
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Table 4. Effect of high concentration ofglucose andlor lack of insulin on basal and isoproterenol-stimu lated PTH secretion and cAMP content
Treatment
N
PTH ng/mg protein/I hr cAMP pmol/mg proteinGlucose (mM)
isoproterafenol Insulin Basal Isoproterenol Basal
5 + 6 186,8 4.1 317.3 16.4 31.6 1.2 3523 215
50 + 6 121.5 7.9 186.8 7.1 30.9 1.6 3085 482
5 — 6 120.4 5.8a 173.9 95 28.7 1.4 3521 203
50 — 6 80.6 58b 116.7 6.4!) 29.1 1.2 3265 156
Cells were in 5 m or 50 m glucose in the presence or absence of 5 g/ml insulin for 96 hours. PTH secretion over a 1-hour period was
determined in the presence or absence of 106 at isoproterenol. Cellular cAMP content was measured by RIA as described in Methods.
P < 0.01 compared to 5 mat glucose, + insulin group
P < 0.01 compared to 5 mM glucose, — insulin group
Fig. 3. Effect of a high concentration of
glucose and/or lack of insulin on the pattern
of secreted PTH. Cells were incubated with 5
mM or 50 mM glucose in the presence or
absence of 5 pg/mi insulin for 96 hours. The
media were collected 4 hours after
replacement. PTH in the media was separated
by acid-urea polyacrylamide gel
electrophoresis and assayed by RIA as
described in Methods. Two sets of gels A and
B panels) from separate cell preparations are
30 presented. Each panel includes its own
choline chloride to the medium did not suppress PTH secretion.
Both choline chloride and increased glucose acutely increased
the cytosolic calcium. A previous study had suggested that the
effect of osmolality on PTH secretion cannot be explained by
changes in cytosolic calcium [34]. The effect of choline chloride
was difficult to judge since it was possible that choline chloride
might directly affect the parathyroid cell membrane. However,
we have additional evidence that the addition of mannitol did
not suppress PTH secretion, although its osmolality was the
same as that of the medium containing 50 m glucose (data not
shown), which suggest that the suppressive effect of a high
concentration of glucose on PTH secretion was not due to
altered osmolality.
Our previous report revealed that isoproterenol preferentially
stimulated secretion of the previously synthesized PTH via
cAMP generation [24]. Therefore, the finding that isoproterenol
stimulated PTH secretion was blunted by high glucose or the
lack of insulin while cAMP was not, may indicate that the
storage pool of PTH within the parathyroid cell exposed to high
concentration of glucose andlor lack of insulin was depleted of
PTH [24].
The results from the acid-urea polyacrylamide gel electropho-
resis revealed that the pattern of PTH secreted from cells
exposed to high concentrations of glucose or lack of insulin was
similar to that from control cells. This suggested that high
concentrations of glucose or lack of insulin suppressed PTH
secretion without affecting PTH metabolism or degradation.
This further suggests that high glucose or lack of insulin does
not non-specifically alter parathyroid cell function.
Although controversy exists about whether diabetes mellitus
without renal failure affects PTH secretion in humans [6—11]
and rats [12—161, it has been accepted that diabetes mellitus with
renal failure influences the secretory activity of parathyroid
glands [1—5]. It is very difficult, however, to clarify how
diabetes mellitus affects PTH secretion in vivo. It is a very
complex metabolic disease and involves manifold pathological
manifestations. The present studies suggest that diabetes mel-
litus affects parathyroid secretory activity, at least in part, via
the direct suppressive effect of high concentrations of glucose.
In conclusion, the present studies demonstrate a direct sup-
pressive effect of high concentration of glucose on PTH secre-
tion from cultured bovine parathyroid cells. Although the
mechanism of such a suppressive effect remains to be eluci-
dated, our results provide clues to understanding of the secre-
tory activity of parathyroid glands in diabetic patients with or
without renal failure.
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